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Abstract: Accurate evaluation of motor energy efficiency under off-condition operation can provide an
important basis for an energy-saving upgrade of the motor and the elimination of backward motors. By
considering the power quality, motor characteristics and load characteristics, a motor energy efficiency
evaluation system with seven indexes and 10 grades was constructed. An improved elephant herding
optimization method combined with a support vector machine rating model is proposed, it achieved
an accuracy higher than 98%. Considering the slow convergence speed and low convergence precision
of the standard elephant herding optimization (EHO) method, it is easy to fall into the local optimum
problem. To improve population initialization, chaotic mapping and adversarial learning were used to
achieve EHO with population diversity and global search capability. Group learning and elite retention
have been added to improve the local development ability of the algorithm. The improved EHO has
been compared with other intelligent optimization algorithms by using 12 benchmark functions, and
the results show that the improved algorithm has better optimization performance.

Keywords: motor energy efficiency grading; improved elephant herding optimization; support vector
machine

1. Introduction

Statistics from the World Energy Agency show that the energy consumption of the industrial sector
accounts for nearly 1/3 rd of the global primary energy supply and produces approximately 36% of
energy-related CO,, and that the electricity consumption of the motor system accounts for more than
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50% of the total electricity consumption. Therefore, improving the energy efficiency of the motor
system is of great significance for reducing energy consumption, improving cost efficiency, reducing
pollution emission and responding to demands for national energy conservation and emission
reduction. Cui et al. proposed that a correct rating of the motor energy efficiency is the best way to
improve the energy efficiency of motor systems [1].

In recent years, there have been many advances in artificial intelligence technology in various
fields [2—6], whereas there are few types of research on the energy efficiency classification of electric
motors. In 2012, guo biao (GB) specifies the minimum energy efficiency values for small and
medium-sized motors at rated efficiency and provides initial motor energy efficiency standards [7].
However, in the actual production process, the motor is always operating under variable working
conditions due to the power quality, load characteristics, and other influential factors. So the motor
energy efficiency standard reported in [8] cannot be effectively applied to an actual situation. Luo et
al. conducted a comprehensive analysis of the factors affecting the motor energy efficiency and
developed a motor energy efficiency evaluation index system [8]. Li has performed an in-depth study
of the main factors affecting motor efficiency and used analytic hierarchy process (AHP) to obtain the
weight of each index [9]. These studies provide ideas for research on motor energy efficiency rating.

In this paper, the three aspects of power quality, load characteristics and the characteristics of the
motor itself are used as the first-level evaluation indicators, also, there are seven second-level indicators
that have a greater impact on the energy efficiency of the motor that have been selected and divided into
10-grade intervals. For electrical energy efficiency classes, Ma and Lv used a support vector machine
model for classification and achieved an accuracy of 94% with a small number of test samples [10].
The accuracy rate decreased with increasing sample data.

Currently, SVM theory has unique advantages in terms of solving classification and target
recognition problems [11], but the key parameters in SVM i.e., the penalty factor ¢ and kernel
parameter o, are determined by empirical assignment or cross-validation, which are not only
inefficient but they are also susceptible to the local optima problem. Metaheuristic algorithm are
widely used for the optimization of various complex problems due to their non-derivative mechanism,
flexibility, simplicity and ease of implementation. Classical examples of metaheuristics include
particle swarm optimization, ant colony optimization, evolutionary algorithms, and simulated
annealing. Inspired by more natural biological behavior, the development of this field has recently
experienced something similar to a gold rush in terms of a proliferation of similar new or improved
algorithms of all kinds. @ The more recent metaheuristic algorithms are monarch butterfly
optimization [12], the whale optimization [13], satin bowerbird optimization [14] the moth search
algorithm [15], hunger games search [16], harris hawks optimization [17], the slime mould
algorithm [18], runge kutta method [19], the colony predation algorithm [20] the weighted mean of
vectors algorithm [21].

The optimization search process for these algorithms has a common feature of using both
exploration and development. The exploration phase should utilize and enhance the stochastic
operator capability as much as possible to diversify the search in the feature space; the development
phase usually follows the exploration phase and should enhance the local search in the vicinity of the
more optimal solution. A good optimization algorithm should be able to make a reasonable and fine
balance between exploration and exploitation. Otherwise, it is prone to falling into local optimality
and premature maturity. Most metaheuristic algorithms have the disadvantage of being insensitive to
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the tuning of user-defined parameters and not always converging to the global optimum.

In 2015, wang et al. proposed elephant herd optimization (EHO) inspired by the nomadic behavior
of elephant herds [22]. Elephant herds have two special behaviors: 1) the herd is composed of multiple
clans and led by the female, and 2) adult males will leave the herd to live alone. Therefore two
mechanisms have been developed to mimic the nomadic behavior of elephant herds their, clan renewal
mechanism and their separation mechanism. EHO has been shown to be effective at finding optimal
solutions [23]. EHO differs from other metaheuristic algorithms in that EHO can generate multiple
clans, each of which is a group, and it is a multiple group collaboration mechanism. However, the
original EHO only addresses the position update of one clan and does not consider the collaboration
of the whole elephant group. The performance of EHO may be significantly improved if the multiple
group collaboration approach can be fully utilized and applied.

The accurate evaluation of motor energy efficiency under off-condition operation can provide an
important basis for the energy-saving upgrade of the motor and the elimination of backward motors.
In the past, research on motor energy efficiency mainly focused on the rated operating condition, and
there were few studies on motor energy efficiency under off-conditions.

1) In this article, we present seven evaluation indexes that have a great influence on motor energy
efficiency from the three aspects of power quality, load characteristics, as well as motor characteristics,
and establish a quantitative classification standard to achieve an accurate grade of the motor energy
efficiency.

2) Moreover, we developed an improved EHO (IEHO) algorithm to optimize the motor energy
efficiency rating model of SVMs.

3) In order to improve the superior seeking ability of the EHO algorithms, we propose five
improvements and compare them with other algorithms.

The organization of this paper is as follows: Section 2 introduces the principle and the optimization
search of the standard EHO, and Section 3 introduces the improved EHO, which first analyzes the
shortcomings of the standard EHO; we then propose five improvement strategies. Section 4 presents
a comparison of the IEHO with other optimization algorithms which was achieved via testing and
experimental analysis. Section 5 introduces the model of the energy efficiency evaluation system of
electric machines based on the IEHO combined with SVM (IEHO-SVM) algorithm, and experiments
and analyses are discussed. The conclusion and future works are discussed in Section 6.

2. Elephant herding optimization

The EHO algorithm was inspired by the nomadic behavior of the elephant herd [22]. Elephants live
in groups and consist of multiple clans under the leadership of one of the best female elephant ministers.
Each clan will select an excellent female elephant to serve as the matriarch, and the matriarch will lead
the female elephants or baby elephants who have a direct or indirect blood relationship with her. Male
elephants will leave the group to live alone once they become adults. Although male elephants are far
away from their family, they can keep in touch with the elephants in the family through low-frequency
vibrations.

To make the elephant herding behavior solve global optimization problems, we have established
the following idealized rules: 1) An elephant tribe consists of multiple clans and an optimal female
elephant female minister, and each clan has a fixed number of elephants. 2) Each clan in each
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generation elects a superior matriarch, and then a fixed number of male elephants leave, followed by
an equal number of new ones.

2.1. Clan updating operator

The position of each elephant in the clan is affected by the matriarch. For the elephant j in the clan
ci, the position is updated as follows:

X = Xei, j +a (-xbest,ci - -xci,j) r (21)

ci,j

where a € [0, 1] represents the scaling factor, x"/ represents the new position of Elephant j in the clan
ci, x.;; represents the old position of Elephant j in the clan ci, Xj.; represents the matriarch in the
clan ci and r € [0, 1] is a random number.

The position of the matriarch has a specific update formula, and the updated position is as follows:

new

Xpest ci = B X Xeenter ci (2.2)

where § € [0, 1] represents a control parameter that determines the factor of X .py..; influence on xpe g ;.
Xcenterci TEPresents the center position of the clan ci. It can be determined by the following equation.

1 Nej
Xeenter,cid = l’l_ X Z Xei,jd (23)

cj =1

where d € [1, D] represents the d th dimension, D is the total number of dimensions and n,; represents
the number of elephants of Clan ci.

2.2. Separating operator

In the elephant group, the male elephant in adulthood prefers to leave the group to live alone. To
simulate this process, the adult elephant is regarded as the least adaptive elephant in the algorithm. At
the same time, to make the algorithm have greater searchability, it is assumed that the elephant with
the worst fitness work the separation operator shown in Eq 2.4 in each generation:

Xworst ,ci = Xmin T (-xmax — Xmin T 1) Xr (24)

where x,,,, and Xx,,;, respectively represent the maximum and minimum values of the search space,
Xworst.ci Tepresents the position of the worst elephant in the clan c¢i. The EHO algorithm flowchart is
shown in Figure 1.
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Figure 1. EHO algorithm flowchart.
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3. Improved Elephant herding optimization algorithm

The standard EHO algorithm updates the position of each elephant by using clan update and
separation operations. Its position update method is singular and has the following disadvantages:

1) The initial position of the elephant is randomly generated, which affects the efficiency of elephant
swarm optimization.

2) It only utilizes the position variable and ignores the fact that the moving speed will affect the
convergence speed of the elephant group.

3) In the clan update process, the position update of the best female elephant in the entire elephant
group is not considered. For ordinary elephants, the position is updated according to the position of
themselves and that of the matriarch. The matriarch position is updated by the middle position of the
clan, makeing it easy to form the local optimal position.

4) In the iteration process, the optimal solution of the clan is updated and not retained.
Equation 2.4 was used in the separation process to replace the worst elephant in each generation of
the clan, simulating the adult male elephant leaving and producing a new baby elephant. Although the
ethnic diversity was preserved, as a newborn baby elephant, it would be protected by other elephants
and should have a good position.

Based on these shortcomings, we propose the following improvement strategies.

3.1. Strategy 1: Chaotic mapping and opposition-based learning population initialization

The distribution and initial value of the initial position of the population affect the optimization
efficiency of the population. It is evenly distributed in the solution space, which is beneficial to improve
the population diversity and global searching ability.

This paper introduces a population initialization strategy based on chaotic mapping [24] and
opposition-based learning [25]. The strategy initializes the population by using better randomness,
spatial ergodicity and non-repetition of chaotic mapping; it also uses the opposition-based learning
method to generate its corresponding opposite individuals. Then, it compares and selects individuals
with good fitness values as the initial individuals to improve the overall performance of the algorithm
optimization efficiency.

Chaotic mapping is used to generate chaotic sequences and random sequences are generated by
simple deterministic systems. Table 1 shows several chaotic mapping functions in common use.

Table 1. Common chaotic mapping functions.

Chaotic mapping function Expression
Logistic ZH =z (1-25),0< 1< 4
ICMIC 7! = sin (/Z"), @ € (0, )
Chebyshev 71 = cos (k cos™! Zk) k=4,7F€(0,1)
7¥/0.7,Z% € (0,0.7]
k+1 _ ’ ?
fent 2= { 10/325(1 - 29). 25 € (07, 1)

According to the analysis of the study presented in [26], when A = 4, the distribution of a logistic
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mapping chaotic sequence is unevenly distributed, and the optimization speed and efficiency are slow.
When the initial value is O or is fixed, the ICMIC mapping function cannot continue to iterate.
Chebyshev mapping has higher requirements for functions. The chaotic sequence of tent mapping is
evenly distributed, the optimization is faster and the search efficiency is higher. Tent mapping has
been applied in this study to generate the initial population of a chaotic sequence.

The initialization steps are as follows:

Step 1: Generate random numbers:

Zt 4 €0, 1) (3.1)

where d represents the dimension d = 1,2, , D; K represents the number of current iterations.
Step 2: Calculate the tent function chaotic map:

k+1 _ Zfi,j,d/0-7azﬁi,j’d € (0,0.7]
10/3z% ., (1-25 ). 2¢

ci,jd ci,jd

Z

cijd —

3.2

€(0.7,1) (3-2)

Step 3: Generate N positions, which gives the original population X = (x; j1, Xci j2, » Xcijp) and N
=ci X j:

k+1 k+1
Xciyjd = Xmind X (1 - ZC: j,d) + xmax,ch:j’d (3.3)
where X4 and X, 4 represent the upper and lower limits of elephants in the D dimension.

Step 4: Perform opposition-based population initialization OX = (0x.; j1, 0X.i j2,,0Xi jp) based on
opposition-based learning:

k+1 k+1
OXeija = YmindZli by + Xmana X (1 = 25571, (3.4)

i, j, c

where ox,; ;4 represents the individual opposing x.; ;; and X and OX are opposing populations.
Step 5: Merge the original population and the opposing population, calculate the individual fitness,
and take the first N positions with high fitness as the initial population.

3.2. Strategy 2: Speed

Inspired by the PSO algorithm [27], the individual elephants were given a speed to simulate elephant
motion; additionally a global speed strategy is proposed, which can accelerate the convergence speed of
the elephant herd and balance the convergence speed by introducing inertia weights to avoid premature
population maturity.

Speed is also initialized by chaotic mapping and opposition-based learning, taken as
Viaxd = 0.2(Xmaxd — Xmina) a0d Viyara = —Viming- The elephant’s position is updated as follows:

new _ .k
ci,j — w vci,j +aX (xbest,ci - xci,j) Xr

new _ .. . new
cij — Xeij T Veij

(3.5)

new

where x;7" and v’ represent the updating position and speed of Elephant j in Clan ci respectively, and

«* represents the linearly decreasing inertia weight in the iterative process.

begin _end _
of = W) Ko D) end (3.6)

Kmax

where w”*¢™ and w*“represent the weight at the beginning and end of the iteration respectively, taken
as w”" = 0.9 and w*"? = 0.4; K, represents the maximum number of iterations.
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3.3. Strategy3: Adaptive learning step size

In the above equation, a represents the step size from the current position of the elephant to the
optimal position. When the value of a is large, the global optimization ability is strong, while the local
optimization ability is poor; when the value of a is small, the global optimization ability is poor, while
the local optimization ability is strong. In the standard EHO algorithm, the value of a is fixed and
the superior and inferior individuals in the clan have the same search range, which does not match the
actual situation. The actual situation is that the better individual is close to the optimal solution, so a
smaller learning step size should be used to enhance the local optimization ability; altternatively, the
less fit individual is far away from the optimal solution, so a larger learning step size should be used to
enhance the global optimization ability. Therefore, an adaptive learning step size strategy is proposed.

1). The optimal solution x,,,. of the clan requires less learning, learning step take a fixed value and
taken as a; = 0.2.

2). The optimal solution X . ; Of the clan is learned from the optimal solution X, of the clan.

Learning step dpey.ci 1S expressed as follows:

S (Xcbes ci
Gebest ci = A2 (%) X Jg<x:1b;l )) (3.7)
where (X pesrci) and f(X,pes:) TEpresent the fitness values of X pes i and Xpupes r€Spectively.

3). Other elephants X,erci,; Of the clan learn from the matriarch X,y ; of the clan. Learning step
Qorherci,j 18 expressed as follows:

- k S Crotheei..)
oere j = a3 () X S0 (3.8)
where f(Xomercij) and f(Xcpegsii) Tepresent the fitness values of Xpercij and Xepes i Tespectively and
a; < ap < az are constants.

3.4. Strategy 4: Group learning

In a large elephant herd tribe, each individual has a unique level of fitness. There are excellent
female ministers and matriarchs and males and other ordinary elephants, so the elephants have been
divided into four groups, and different groups of elephants have different learning styles. The first
group is the best female elephant of the tribe, represented by x,;.;. The second group is the best
matriarch of the clan, represented by X4 ;. The third group is the other female elephants and young
elephants, represented by X,erci ;. The fourth group is the worst individual of the clan, represented by
Xworst,ci-

The learning mode of the first group X5 is as follows:

As the best female elephant in the herd, her position and speed should be updated according to the
matriarch information of all clans. The update mode is as follows:

new __  k
vmbest =W X Vyppesr + a1 (xcenter - xmbest) r

new

Xobest = Xmbest TV

new

mbest (39)

1 Nei
Xeenter = — X E Xebest,ci
N =1
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where x7<" and V<" respectively represent the update position and speed Of Xpesis Xcenrer rEPresents

the central location for all matriarchs and n,; represents the total number of clans.

The learning mode of the second group X pes . 1s as follows:

The best matriarch of the clan should learn from the best female elephant of the tribe to achieve a
larger search area. The update mode is as follows:

new — )k
V cbest i W Vebest ci T Acbest.ci (xmbest - xcbest,ci) r

new _ new
cbest,ci Xebest.ci T Vcbest,ci

(3.10)

where X" and V%" respectively represent the update position and speed of X pesr ;-

cbest,ci cbest,ci
The learning mode of the third group X, ; is as follows:

The other female elephants and young elephants should learn from the best matriarch of the clan to
achieve a faster learning speed. The update mode is as follows:

new ok
otherci, j — @ Votherei, j + Qotherci .j (xcbest,ci — Xotherci ,j) r (3.11)

new _ o new
otherci,j — Xotherci, j + votherci, j

where x"9" - and V"9 . respectively represent the update position and speed of X pes ci-

otherci, otherci,

In order toJ optimize thje learning of the elephants in the clan, a mutual learning strategy is proposed.

The ordinary elephants in the clan learn from the matriarch first, and then from others who are better
than themselves.

Elephant p is randomly selected from Clan ci; then, its new fitness value is calculated. If the fitness

value of Elephant j is better than that of Elephant p, Elephant p needs to learn from Elephant j. If it is

the opposite Elephant j needs to learn from Elephant p. If the fitness values of Elephants j and p are

equal, then there is no need to learn from each other. The update mode is as follows:

new new f[new — new new _ new

f (xotherc i, j; < f E'xotherci, p) ’ votherc ij votherc i,j +r (xotherc i,j xotherc i, )
new new aAnew —_ Nnew cwW _ new

f (xotherc i,j > f xotherc ,p)° “otherci,j votherc J + r( otherci ,p xotherci , jS (312)

Lnew — xnew + \’>116W
otherci , j otherci, , otherci, , j
new new 1 11 1
where Xotherci. and Votherci.j respectively represent the position and speed of Elephant p after learning.

3.5. Strategy 5: Elite retention

In the standard EHO algorithm, the separation operator is used to replace the worst solution in the
clan. At the same time, the clan optimal solution continuously updated during the iteration, and not
preserved. Therefore, an elite retention strategy was developed. The worst elephants in the fourth
group directly learned from the matriarch and replaced the worst solution with the clan optimal
solution. At the same time, the fitness values for each elephant before and after updating were
compared, and the positions of elephants with high fitness values were retained. The method
preserves the optimal solution for each generation’s clan and the optimal solution for individual
elephants, which can effectively accelerate the optimization speed of the elephant group.

The IEHO algorithm flowchart is shown in Figure 2.
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Figure 2. IEHO algorithm flowchart.
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The learning mode of the fourth group x,,,, . 1s as follows: the worst male elephant learns directly
from the matriarch. The update mode is as follows:

new _
Xworst, ci — Xcbest, ci (3.13)

3.6. Computational complexity analysis

Standard EHO mainly includes initialization, fitness evaluation, sorting and optimal selection, a
clan updating operator and a separating operator. In the associated formula, M indicates the number of
clans, N indicates the number of elephants in each clan, D is the number of dimensions of the problem
and T represents the maximum number of iterations. The complexity of the initialization stage is O(1).
In the main part of the algorithm, the complexity of the sorting algorithm is O(N * Mlog(N * M)). The
clan updating operator is O(M = N); the separating operator is O(N). The overall complexity of the
algorithm is O(1 + T = (N * MlogN « M + M = N + M)).

The proposed IEHO algorithm mainly includes the following parts: initialization, fitness evaluation,
sorting and optimal selection, position and speed updating and a fitness comparison. During the initial
stage, the complexity of initializing the individuals in each dimension based on dyadic learning is
O(M = N % D). In the main part of the algorithm, the complexity of the sorting algorithm is O(N x
Mlog(N = M)), the complexity of updating the speed and position of the individuals is O(M % N) and
the complexity of adaptive comparison is O(M = N). From the above analysis, we can acquire the
complexity of the whole algorithm: O(M * N x (D + T * (log(M * N) + 2))).

4. Testing and experimental analysis

4.1. Experiment design

To verify the effectiveness of the IEHO algorithm, 12 typical reference functions proposed in [28]
were selected for testing, as is shown in Table 2. f; — fq are unimodal functions with only one global
optimal point, which is used to test the convergence accuracy of the algorithm. f; — fj, are multi-
peak functions with multiple local optimal points, which are used to test the algorithm’s global search
capability, local development and ability to jump out of local optima.

Due to the fact that five improved strategies are proposed, to prove the effectiveness of the final
five strategy combinations of IEHO, we did not consider partial strategies based on the EHO
algorithm that are stronger than the IEHO algorithm, and a strategy combination comparison
experiment was conducted. First, a comparison experiment of strategy combinations was conducted,
and Schwefel2.22 and Qing were selected as the benchmark test functions; the experimental results
are shown in Figure 3. EHO + S1 is the combination of EHO with Strategy 1; EHO + S12 is the
combination of EHO with Strategy 1 and Strategy 2; EHO + S123 is the combination of EHO with
Strategy 1, Strategy 2 and Strategy 3; EHO + S1234 is the combination of EHO with Strategy 1,
Strategy 2, Strategy 3 and Strategy 4; EHO + S12345 is the combination of EHO with 5 strategies.
Furthermore, to prove the convergence speed, convergence accuracy and stability of IEHO, the IEHO
algorithm has been compared with the multi-mechanism hybrid EHO (MCEHO) algorithm proposed
in [21], original EHO algorithm [22], the PSO algorithm [29] and the artificial bee colony (ABC)
algorithm [30,31].
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To ensure fairness and accuracy of the algorithm comparison, the parameters of the five algorithms
were set to be the same, the population size was set as 50 and the maximum number of iterations was
set to be 500. For EHO, MCEHO and IEHO, we set nclan = 5 and nci = 10. Each algorithm ran
the optimal value independently 30 times on each test function in 30D and 100D. The mean value
and standard deviation were calculated to evaluate the convergence accuracy and stability of each
algorithm. The simulation environment was a Windows 10 operating system equipped with an i15-6500
CPU, 3.2 GHz main frequency, 8 GB of memory, and MATLAB 2016a simulation software.

Table 2. Benchmark test functions.

Function Expression Search range Extremum
Schwefel2.22 A =20, el + 1%, |xil [~10.00, 10.00] 0
Schwefel2.21 f(x) =max{lx],1<i<n) [-100.00, 100.00] 0
Sum of different powers  f3(x) = 37, x|} [-1.00, 1.00] 0
Zakharov fio =3, x2 (20, 050x) + (3, 0.5ix) [~5.00, 10.00] 0
Sphere fs(0) = 2L, 2 [-100.00, 100.00] 0
Qing fo(x) = z (x2 - 1)2 [-500.00, 500.00] 0
Griewank F0) = g Sy 2 = 11 cos (441 [-300.00, 300.00] 0
Rastrigin fs(0) = 2, |2 = 10cos (27x;) + 10] [-5.12, 5.12] 0

fo(x) = sin® (rwy) + X5 (wy — 1 [1+

Lev ~10.00., 10.00 0
Y 10 sin® (w; + 1)]+(W,, - 1)2[1 + sin (znw,,)]] [ ]
x) = n=1(\/s; (sin SOS02 +1 s
Schaffers F7 fiotw) = [ty Sz (Vi (sin (05;2) ))] [=10.00, 10.00] 0
Si= AJX7+ X2
=20 (—0.21/l n 2
Ackley S xp n i % [-32.00,32.00] 0
—exp[ L X cos (2x)| +20 +
Salomon fu(x)_l—cos(zn,/ " l)+01 S [~100.00, 100.00] 0

4.2. Experimental results and analysis

It can be seen in Figure 3 that with the increase of strategy combinations, the EHO performance
gradually improved, the speed and adaptive learning step size can effectively improve the convergence
speed, group learning and elite retention can effectively improve the convergence accuracy and the
IEHO performance from the combination of five strategies was optimal. The IEHO still follows the
nomadic behavior of the elephant herd, IEHO is an improvement on the standard EHO, only its search
method is improved during the iterative process so that the elephant herd becomes more intelligent;
essentially, it is still EHO. These five strategies are also useful for improving the performance of other
optimization algorithms.

Table 3 shows the means and standard deviations of the fitness values for the 12 test functions
calculated by the five algorithms under the conditions of fixed iteration times for the low dimension
(30) and high dimension (100), respectively. The performance of each of the five algorithms on each
test function is shown in Figure 6, and the three-dimensional mathematical model of each of the 12 test

Mathematical Biosciences and Engineering Volume 19, Issue 12, 11957-11982.



11969

functions is also presented.
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Figure 3. Strategy combination comparison test results.

The left plots in Figures 4—6 show the three-dimensional search spatial distributions for the 12 test
functions. X; and X, are function search intervals, and the vertical axis is the function value. The
graphs on the right are the convergence curves for the intelligent algorithms for optimizing the test
functions. The horizontal axis is the number of iterations, and the vertical axis is the logarithm of the
optimal values.

As can be seen in Figures 4—6, after 500 iterations, all five algorithms were able to converge to the
extreme value of the test function with different convergence speeds and convergence accuracies;
however, PSO resulted in the worst performance. For the unimodal functions f; — fs, in the beginning,
the convergence rates of EHO and IEHO were faster and better than that of MCEHO. This shows that
the initial population initialization strategy based on chaotic mapping and opposition-based learning
can facilitate a better position and fitness value for the initial population and improve the global
searching ability. The convergence speed of the IEHO algorithm improved after 100 iterations, while
that of the MCEHO algorithm improved after 150 iterations. The convergence speeds of the EHO and
ABC is similar, but slightly higher than ABC. The IEHO algorithm was able to converge to the
minimum value after about 100 iterations, and the convergence accuracy was higher than that of other
algorithms, indicating that the addition of a speed strategy can effectively accelerate the population
optimization speed. Regarding the unimodal function f;, the IEHO algorithm was able to converge
to 0 and the standard deviation was O.
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Figure 4. Optimization process for the five algorithms when applied to f; — fi with D = 30.
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For the multimodal functions f; — fi,, the convergence speed and convergence precision of EHO
were better than those for PSO, indicating that EHO has obvious advantages over PSO when it comes to
solving multi-extremum problems. The EHO and ABC algorithms had similar convergence accuracies,
except for the test functions fg and fio. Regarding the other functions, EHO was found to be superior
to ABC optimization, as it resulted in a faster convergence speed and higher convergence accuracy.
However, EHO is susceptible to the local optima problem; MCEHO can jump out of partial local
optima but it is still hard to find global optima. The IEHO algorithm’s optimization speed and precision
were found to be superior to those of the MCEHO algorithm, indicating that adaptive step grouping
learning and an elite retention strategy can effectively improve the algorithms ability to develop global
optimal and jump out of local optima.

As can be seen in Table 3, for the unimodal and multi-peak test functions, the IEHO algorithm had
the lowest means and standard deviations among all of the algorithms. Its mean value was closest to the
theoretical value and able to find the minimum point. As the number of dimensions of the test function
increases, the model complexity exponentially grows and increases the difficulties of optimization.
To further validate IEHO performance on complex high-dimensional problems, we added a 100D
high-dimensional test function experiment; the parameter settings are the same as those for lower
dimensions. According to the data in Table 3, the IEHO algorithm performed poorly for f, with low
convergence accuracy. Regarding the other test functions, it was able to maintain good optimization
stability and was found to be superior to the other four algorithms, which fully verified the advantages
of IEHO as a tool to solve high-dimensional problems. From the above analysis, it can be seen that the
IEHO algorithm presented in this paper has a better convergence effect for both in terms of mean and
standard deviation, on low- and high-dimensional test functions, as well as a stronger ability to find the
optima as compared with the algorithms based on PSO, ABC, EHO and MCEHO.

5. Motor system energy efficiency rating

5.1. Motor energy efficiency evaluation index system model

In a motor system, the transmission process for the current from the power supply to the motor to the
load will generate energy loss, and the energy efficiency of the motor is affected by many factors [32].
In this study, the power quality, motor characteristics and load characteristics of the motor system were
considered as the first-level indexes. From these three aspects, seven secondary indexes that have a
greater impact on motor energy efficiency were selected to obtain the motor energy efficiency rating
system as shown in Figure 7.

The motor energy efficiency has been divided into 10 grades according to the national standards,
the upper and lower limits of each indicator’s deviation and the impact on the motor energy efficiency.
The quantified motor energy efficiency grading standards are based on the parameter values of various
indicators at different levels, as shown in Table 4.

The data of the training model were randomly generated. A total of 1000 samples were randomly
generated in each indicator interval and marked as{(x’i, xé, , xé), yi}, where x; represents the random
number, j = 1,2,,7 represents the seven characteristic index components of the corresponding sample,
i = 1,2,1000 represents the corresponding 1000 sample quantity and y' = 1,2,, 10 represents the
corresponding sample label. First, the training set and test set data were divided and preprocessed;
then, the IEHO-SVM model was trained with the training data; finally, the model was verified with the
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Figure 7. Motor energy efficiency evaluation system.
Table 4. Motor energy efficiency classification standard.
o Harmonic Three-phase
Transmission . . Voltage Frequency Rated
Grade Load factor . distortion voltage unbalance )
efficiency offset % error % efficiency %
rate % degree %
1 (0.70,0.80] 0.98 1.00 1.00 2.00 0.10 89.50
2 (0.80,0.90] (0.96, 0.98] (1.00,2.00]  (1.00, 2.00] (2.00,3.00] (0.10,0.20] (88.30, 89.5]
3 (0.60, 0.70]  (0.94, 0.96] (2.00,3.00] (2.00, 3.00] (3.00,4.00] (0.20,0.30] (87.1, 88.3]
4 (0.90, 1.00]  (0.92, 0.94] (3.00, 4.00]  (3.00, 4.00] (4.00,5.00] (0.30,0.40] (85.9,87.1]
5 (0.50, 0.60]  (0.90, 0.92] (4.00, 5.00] (4.00, 5.00] (5.00,5.50] (0.40,0.50] (84.7,85.9]
6 (0.45,0.50]  (0.89, 0.90] (5.00,5.50]  (5.00, 5.50] (5.50,6.00] (0.50,0.55] (83.5,84.7]
7 (0.40, 0.45]  (0.88, 0.89] (5.50,6.00] (5.50, 6.00] (6.00,6.50] (0.55,0.60] (82.30, 83.50]
8 (0.35,0.40] (0.87,0.88] (6.00, 6.50]  (6.00, 6.50] (6.50,7.00] (0.60,0.65] (81.10, 82.30]
9 (0.30,0.35] (0.86, 0.87] (6.50,7.00] (6.50, 7.00] (7.00,7.50] (0.65,0.70] (80.00, 81.10]
10 0.30 0.86 7.00 7.00 7.50 0.70 80.00

5.2. Improved elephant herding optimization and support vector machine rating model

The SVM is a two-class classification model [33], and it defined as a linear classifier with the
maximum interval in the feature space. Different from the perceptron SVM, the learning strategy is
to find the separation hyperplane with the maximum interval, which is essential in solving the optimal
problem of convex quadratic programming. For one-class classification models, support vector data
description is usually used [34,35].

Mathematical Biosciences and Engineering

Volume 19, Issue 12, 11957-11982.



11976

There is no completely linearly separable data. By introducing a “soft interval”, incomplete linearly
separable data can be solved by allowing partial error points. For some linear indivisible problems, it
may be nonlinearly divisible by using nonlinear kernel functions to map the original feature space to
the higher-dimensional Hilbert space [36]; a nonlinear SVM can be obtained by using a linear SVM,
so the nonlinear separable problem is transformed into a linearly separable problem.

Taking a nonlinear SVM as an example, the learning algorithm is as follows:

Input: Training set 7' = {(x1,y1), (x2,¥2), , (X», ¥»)}, where x; € R, y; € {1, 1}.

Output: Separation hyperplane and classification decision function.

Step 1: Select a proper Gaussian kernel width o and penalty factor ¢ and construct and solve convex
quadratic programming problems.

n 1 n n
max, iy i = 3 Licy j=1 [ai)’iK (xi, xj) yiai]

5.1
st Y ayi=0,0<a;<c e-D

Get the optimal solution a* = (da}, a},,a)".
Step 2: Select the a component of a*, a? and calculate w* and b*:

W= YL ayiK (x,-, xj)
b =y, - Yy (xi,)zcj) (5.2)
K(Xl', Xj) = exXp (—%)

Step 3: Compute the separation hyperplane:
w' T p(x)+b* =0 (5.3)
Step 4: Compute the classification decision function:

£ = sign (w Tp(x) + b*) (5.4)

According to the above analysis, the main parameters affecting SVM learning ability are the
penalty factor ¢ and Gaussian kernel width o. The selection of the parameters has an important
influence on the running result of the SVM model, which determines its learning ability and
generalization ability. The penalty factor ¢ represents the tolerance of error, where a larger ¢ means a
higher likelihood of overfitting, and a smaller ¢ means a higher likelihood of underfitting. The
Gaussian kernel width o, which is inversely proportional to the number of support vectors, affects the
model training and prediction speed. Traditional parameter selection methods include manual
selection and grid optimization, which are more suitable for small data. When the amount of data
increases, the amount of computation and calculation time will also increase and it becomes easier to
fall into local optimization.

In this study, the IEHO algorithm was used to optimize SVM parameters ¢ and o, and the algorithm
was applied to the motor energy efficiency rating. The specific algorithm process is shown in Figure 7.
The position vector for each elephant corresponds to a group of specific parameter combinations. The
evaluation function for its location fitness is defined as follows:

2

F=1SL|vi-v (55
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where N represents the number of samples; Y; and Y represent the actual value and the predicted value
of SVM, respectively.

'™ Data preprocessing Optimization parameters of IEHO-SVM model

| | |
| | :
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Figure 8. Flowchart of the IEHO-SVM model.

5.3. Example simulation and result analysis

In order to evaluate the performance of the algorithm and its robustness on the training data, the
following two strategies were performed.

1) A stratified sampling method was used to divide the data set into four different proportions: (80%,
20%), (70%, 30%), (60%, 40%) and (50%, 50%).

2) Using the same data, the [IEHO-SVM algorithm proposed in this paper was compared with the
original SVM and k-nearest neighbor [37] algorithms.

The classification accuracies of the three algorithms on different training sets and test sets are shown
in Table 5. The classification results for the three algorithms on the 50% training sets and test sets are
shown in Figure 8.

As we can see in Table 5 and Figure 9, the accuracy of the IEHO-SVM algorithm on different
training sets and test sets was higher than 98%, whereas that of the KNN algorithm was around 91%
and that of the original SVM algorithm was around 87%. This experiment demonstrates that the
robustness of the IEHO-SVM algorithm on training data is not limited to a particular training-test set
combination, but that better results can be achieved in all these cases. So, we found that the IEHO-SVM
algorithm can accurately grade the motor energy efficiency with high accuracy and reliability.

Table S. Accuracies of three algorithms.

Set of instances KNN SVM IEHO-SVM
80% Train, 20% Test 90% 87% 98%
70% Train, 30% Test 91% 86% 99%
60% Train, 40% Test 90% 88% 100%
50% Train, 50% Test 92% 89% 100%

Mathematical Biosciences and Engineering Volume 19, Issue 12, 11957-11982.
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Figure 9. Grading results for three algorithms on the 50% training set and test set.
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6. Conclusions and future prospects

In the past, research on motor energy efficiency mainly focused on the rated operating condition, but
there were few studies on motor energy efliciency performed under off-conditions. The correct grade
of the motor energy efficiency can provide scientific guidance for motor energy-saving upgrades, fault
damage and the elimination of backward motors. To determine an accurate grade of the motor energy
efficiency, we selected seven evaluation indexes that have a great influence on motor energy efficiency
from the three aspects of power quality, load characteristics, and motor characteristics, and established
a quantitative classification standard.

Aiming to eliminate disadvantages of the original EHO algorithm, such as a slow convergence
speed, a low convergence accuracy and susceptibility to the local optima problem, and developed five
improvement measures. A new EHO algorithm, i.e., the IEHO algorithm, was designed and compared
with other algorithms. The results show that the IEHO algorithm has a higher convergence precision
and faster convergence speed than other algorithms, can jump out of local optima and exhibits better
performance for optimization.

The IEHO algorithm was used to optimize the SVM parameters, and the IEHO-SVM model was
established; it was subsequently applied to the motor energy efficiency rating system. Compared with
the KNN and original SVM algorithms, the experimental results show that the IEHO-SVM algorithm
can accurately grade the motor energy efficiency with an accuracy higher than 98%, which was better
than the KNN and original SVM algorithms.

The IEHO algorithm and IEHO-SVM model proposed in this paper has strong portability, and it
can not only be used for motor energy efficiency rating, but also for other optimization problems. The
motor energy efficiency grading model established in this paper is simple and easy to realize, has a high
practical value and is of great significance for realizing energy conservation and emission reduction and
improving energy utilization.

Possible opportunities and future proposals are as follows. Initialization strategies for orthogonal
learning can be attempted next, and location updates can be attempted for quantum computing,
parallel computing, and co-evolutionary approaches. The IEHO algorithm presented in this paper
been demonstrated to effectively solve static optimization problems, and the development of dynamic
optimization and variants of multi-objective optimization methods that can handle more kinds of
optimization problems can be attempted next.
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